Flow cytometry is a convenient and rapid method that has been used extensively for estimation of nuclear genome size in plants. In contrast to general expectations, results obtained in different laboratories showed some striking discrepancies. The aim of this joint experiment was to test the reliability and reproducibility of methods. Care was taken to avoid a bias due to the quantity of DNA in the nucleus, the procedure for nuclei isolation or the type of instrument. Nuclear DNA content was estimated in nine plant species representing a typical range of genome size (2C = approx. 03-30 pg DNA). Each of the four laboratories involved in this study used a different buffer and/or procedure for nuclei isolation. Two laboratories used arc lamp-based instruments while the other two used laser-based instruments. The results obtained after nuclei staining with propidium iodide (a DNA intercalator) agreed well with those obtained using Feulgen densitometry. On the other hand, results obtained after staining with DAPI (binding preferentially to AT-rich regions) did not agree with those obtained using Feulgen densitometry. Small, but statistically significant, differences were found between data obtained with individual instruments. Differences between the same type of instruments were negligible, while larger differences were observed between lamp-and laserbased instruments. Ratios of fluorescence intensity obtained by laser instruments were higher than those obtained by lamp-based cytometers or by Feulgen densitometry. The results obtained in this study demonstrate that flow cytometry with DNA intercalators is a reliable method for estimation of nuclear genome size in plants. However, the study confirmed an urgent need for an agreement on standards. Given the small but systematic differences between different types of flow cytometers, analysis of very small differences in genome size should be made in the same laboratory and using the same instrument.
INTRODUCTION
Most of the genetic information of an organism is coded by DNA localized in cell nuclei. However, it has been noted that most or all eukaryotic organisms contain more DNA than is needed for coding and regulatory sequences, and that the quantity of DNA in a nucleus (genome size) is not correlated with organismic complexity. This inconsistency has been called the 'C-value paradox' (Thomas, 1971) . It has been suggested that the DNA amount itself has phenotypic effects via its influence on cell size and mitotic cycle time; these effects have been termed 'nucleotypic', the term 'nucleotype' denoting the physico-mechanical properties of the nucleus (Bennett, 1972) . The best known nucleotypic effect is that of genome size on life-cycle time in herbaceous angiosperms, where annuals, and in particular ephemerals, have smaller genomes than perennials (Bennett, * Some results of this study were presented in a poster session during the Angiosperm Genome Size Workshop and Discussion Meeting, Jodrell Laboratory, Royal Botanic Gardens, Kew, 1997. t For correspondence at: Institute of Experimental Botany, Laboratory of Molecular Cytogenetics and Cytometry, Sokolovski 6, CZ-77200 Olomouc, Czech Republic. E-mail: dolezel@risc.upol.cz 0305-7364/98/0A0017 + 10 $30.00/0 1972). Although the genome size of only about 1 % of the world flora has been investigated so far (Bennett and Leitch, 1997) , the general correlation of genome size with cell size and cell cycle time indicates a pivotal role of genome size in many aspects of plant evolution and adaptation (Bennett, 1972 (Bennett, , 1987 Price and Bachmann, 1976; Grime and Mowforth, 1982; Jasienski and Bazzaz, 1995; Bharathan, 1996) .
Within angiosperms, genome size varies between species at least up to about 800-fold (Fritillaria assyriaca, 1C = 127.4 pg, vs. Arabidopsis thaliana, 1C = 0165 pg; Bennett and Smith, 1976; Bennett and Leitch, 1997) . However, estimates for the same species are sometimes surprisingly divergent (see Smith, 1976, 1991; Bennett, Smith and Heslop-Harrison, 1991; Leitch, 1995, 1997) . The existence and extent of this intraspecific variation in genome size is a particularly difficult and controversial field and is currently receiving much attention (Greilhuber and Ebert, 1994; Bennett and Leitch, 1995; Baranyi and Greilhuber, 1996; Greilhuber and Obermayer, 1997) . Naturally, the extent of variation ought to be much smaller within a species than between species, if it exists at all. Nevertheless, remarkable intraspecific variation has been reported many times from the late sixties to the present day (Miksche, 1968; Laurie and Bennett, 1985; Rayburn et al., 1985 Rayburn et al., , 1997 Graham, Nickell and Rayburn, 1994 ; to quote only the earliest and some more recent references). Certain results even seem to support the concepts of a 'plastic genome', i.e. quantitative changes in genomic DNA of an organism in response to environmental or developmental stimuli (e.g. Evans, Durrant and Rees, 1966; Price and Johnston, 1996) . In contrast to interspecific comparisons when genome size differences are not unexpected, technical variation becomes a much more obvious problem when analysing intraspecific variation. Clearly, rapid but at the same time reliable methods for genome size estimation are needed. At present, the two most widely used methods are Feulgen densitometry and flow cytometry. The former has been by far the most frequently used method and is still providing the highest number of estimates (Bennett and Leitch, 1997) . Flow cytometry is more convenient and rapid, and hence is becoming increasingly popular. However, the simplicity of flow cytometry may be deceiving and may lead to the generation of flawed data. For instance, it has been shown that fluorochromes which bind preferentially at AT-or GCrich regions of DNA are not suitable for genome size estimation in plants (Michaelson et al., 1991 , Dlezel, Sgorbati and Lucretti, 1992 , Godelle et al., 1993 . However, some authors prefer to use DAPI as the fluorochrome for genome size estimation and find propidium iodide (PI) less reliable (e.g. Rayburn, Auger and McMurphy, 1992) , a finding that contradicts the results mentioned above. In addition, attention should be paid also to the proper fluorochrome concentration (Dolezel, 1991) .
Dolezel et al.-Estimation of Plant Genome Size using Flow Cytometry
The choice and correct use of reference standards is another critical factor which has been largely neglected; practically each major laboratory uses different standards (animal or plant). As a result, the quality of genome size data obtained using flow cytometry compared with Feulgen densitometry does not generally seem to have been improved (Bennett and Leitch, 1995) . Estimates obtained by flow cytometry in the same species may vary up to 100 % as in maize (see Bennett and Leitch, 1997: Table 1 ). This is especially concerning given that the technique has the potential to detect differences in genome size as small as 1 % (Lysik, Dolezelova and Dolezel, 1997) .
The aim of this work was to evaluate the extent of variation and to test the reproducibility of DNA flow cytometry for genome size estimation. We analysed ratios of DNA content between nine plant species, ranging over 100-fold in DNA content. Based on previous experience, all species used in this study can be used as reference standards for estimation of nuclear genome size using flow cytometry. Furthermore, they are seed propagated and all of them may be obtained as pure lines or cultivars.
Four laboratories participated in this experiment. Two laboratories used laser flow cytometers while the other two used arc lamp flow cytometers. Because the aim of the experiment was to provide the most realistic picture of interlaboratory variation, each of the laboratories used its own procedure for nuclei isolation and staining. In addition, we compared data obtained by flow cytometry using two different types of DNA fluorochromes with data obtained on the same material by Feulgen densitometry.
MATERIALS AND METHODS

Plant material
The following plant species were used: Allium cepa 'Alice', Viciafaba 'Inovec', Secale cereale 'Dankovske', Hordeum vulgare 'Ditta', Pisum sativum 'Ctirad', Zea mays line CE-777, Glycine max 'Polanka', Raphanus sativus 'Saxa' and Arabidopsis thaliana 'Columbia'. With the exception of A. thaliana, which was donated by Dr E. Chytilova (Masaryk University, Brno) all seeds were received as certified seed lots from breeders responsible for maintenance breeding of respective cultivars. Seeds were sown in pots and plants were grown in a glasshouse. Young healthy leaves of young plantlets (2-4 weeks old) were used for sample preparation.
Experimental design
Four laboratories participated in the project (Table 1) . Two laboratories used laser-based flow cytometers with a jet-in-air configuration (designated L1 and L4), and two laboratories (L2 and L3) used mercury arc lamp-based flow cytometers with enclosed-stream design. All four laboratories estimated relative DNA content using propidium iodide (a DNA intercalator), two laboratories (one with a (Galbraith et al., 1983) + 50 /g ml-' RNase L2 Chopping LBOI buffer -50,g ml -' (Dolelel et al., 1989) + 50 ,g ml-' RNase L3 Chopping Two step procedure 4 g m-1 50 /,g ml -' (Baranyi and Greilhuber, 1996) + 150 tg ml-' RNase L4 Chopping LBOI buffer -50/g ml -' (Doleiel et al., 1989) + 50 g ml -' RNase laser-and one with an arc lamp-based instrument) estimated DNA content using DAPI (binding preferentially to ATrich regions of DNA). In addition, one laboratory (L3) estimated relative DNA content using Feulgen densitometry.
The ratio of nuclear DNA content was estimated for the following pairs of species: (1) 
Flow cytometric analysis
Each laboratory used their preferred method for genome size estimation (type of buffer, nuclei isolation and staining procedure; Table 2 ). Nuclei were isolated by chopping young leaf tissue from both plants of each species pair simultaneously in isolation buffer. The samples were stained either with propidium iodide (PI) which intercalates into double-stranded DNA or 4,6'-diamidino-2-phenylindole (DAPI) which binds at AT-rich regions of DNA. Staining with PI involved treatment with RNase. Prior to analysis, each instrument was checked for linearity and aligned to achieve the highest resolution. In each sample, at least 10000 nuclei were analysed and the ratio of G 1 peak means was calculated (see Fig. 1 ). Ten samples were analysed from each species pair, only two samples per day to avoid errors due to random instrument drift.
Feulgen densitometry
Root and shoot tips were fixed either in neutral formaldehyde or 3:1 fixative and stored in ethanol. After hydrolysis in 5 N HC1 at 20 °C, samples were stained in Feulgen reagent, washed in SO,-water and squashed. Integrated extinction was determined with a scanning densitometer at 570 nm using a square diaphragm (0-5 m) and step size of 0'5 or 10 1 zm. Early prophase or telophase nuclei were measured in plants with large genomes (Z. mays The nuclei were isolated and stained simultaneously with propidium iodide (A) or DAPI (B). The ratio of DNA content was determined by dividing the G 1 peak mean of the smaller genome (G. max) by the G, peak mean of the larger genome (Z. mays). Note that due to preferential binding of DAPI to AT-rich regions of DNA, the ratio of DNA content observed after DAPI staining (0736) differs by 68% from that observed after staining with PI (0-438).
to A. cepa), metaphase or anaphase nuclei were measured in plants with small genomes (A. thaliana to G. max).
Statistical analysis
Data were analysed using the NCSS 6.0 (Statistical Solutions, Ireland) and STATISTICA 4.01 (StatSoft Inc., USA) statistical software.
RESULTS
In this work, each laboratory used a different procedure for sample preparation and analysed the samples using a different instrument. Nevertheless, analyses resulted in high resolution histograms of nuclear DNA content in all laboratories (Fig. 1) . Overall means of coefficients of variation of G 1 peaks determined in individual laboratories ranged from 2-17 to 3-38 % and from 2-77 to 4-15 % for PIand DAPI-stained samples, respectively (data not shown). Measurements were highly reproducible, resulting in very low intra-laboratory variation in ratios of relative DNA content with very low standard deviations (Table 4) .
Comparison of flow cytometry and Feulgen densitometry
Ratios of nuclear DNA content estimated for selected pairs of species using Feulgen densitometry are listed in Table 3 . Analysis of variance (ANOVA) demonstrated that differences between the ratios obtained after fixation with 3:1 fixative and neutral formaldehyde were not significant (P > 0-05). Similarly, differences between the ratios obtained with roots and shoot were not significant (P > 0-05). Thus data obtained with both fixatives and tissues were pooled and mean values were used in subsequent analyses. Ratios of nuclear DNA content obtained with flow cytometry after propidium iodide staining are given in Table 4 .
Linear regression analysis indicated a strong and statistically highly significant correlation between the ratios of DNA content estimated by Feulgen densitometry and by flow cytometry of PI-stained samples (r = 0-999, n = 8, P < 0-0001; Fig. 2A ). On the other hand, ratios estimated by flow cytometry of DAPI-stained samples were different to those obtained after PI staining for most of species pairs (Table 7) ; the difference reached 58% in the case of G. max/Z. mays (see also Fig. 1 ). Correlation between ratios of DNA content estimated by flow cytometry of DAPI-stained samples and by Feulgen densitometry (Fig. 2B) was not significant at P = 0-025 (r = 0-769, n = 8).
In these calculations, we analysed overall means calculated for DNA content ratios obtained in all four or two laboratories for PI-stained and DAPI-stained samples, respectively. The same results were obtained when the analysis was performed for each laboratory separately (data not shown).
Ratios of DNA content determined by Feulgen densitometry (Table 3) and by flow cytometry after PI staining (Table 4) were used to calculate relative DNA content of individual species. In these calculations, the relative DNA content of A. cepa was arbitrarily set to 100 arbitrary units (A.U.). Linear regression analysis between the relative DNA content estimated by Feulgen densitometry and relative DNA content estimated by flow cytometry of PI-stained samples (Fig. 3) showed a strong and t Each mean represents a mean of two replications. In each replication, shoots or roots from three different seedlings were analysed. From each seedling, ten nuclei were measured and the ratio of DNA content was calculated. statistically highly significant correlation (r = 0999, n = 9, P < 00001). Similarly to the analysis of DNA content ratios, we used overall means calculated for relative DNA content obtained in all four laboratories. The same result was obtained when the analysis was performed for each laboratory separately (data not shown).
Standards for estimation of nuclear genome size
The species analysed in this study were selected to cover evenly more than 100-fold difference in DNA content. Because we also found them suitable for flow cytometric analysis, they may be considered potential candidates for use as reference standards for estimation of nuclear DNA content. However, prior to this, their DNA amounts must be established reliably. Provided the genome size is known for any of the genotypes analysed in this study, DNA content Tables 3 and 4 were used to calculate the relative DNA content of the remaining eight species. The correlation is statistically significant (P < 00001). Each dot represents one species. DNA content estimated by flow cytometry is a mean calculated from data obtained in all four laboratories.
ratios may be used to calculate the genome size of other species. Table 5 lists 2C DNA amounts calculated from the DNA content ratios estimated in individual laboratories (Table 4 ) and using two different primary reference species:
A. cepa and P. sativum. As expected, the estimates differed between laboratories and the use of different primary standards led to slightly different results. On average, the DNA content estimated using P. sativum as a standard was higher by 39% (range 33-54%). Differences between laboratories increased with increasing differences in DNA content between the standard and the sample, and a maximal difference of 50 % was observed when A. cepa (the species with the highest DNA content among the set) was used as the primary reference.
Inter-laboratory variation
Differences between ratios of DNA content estimated in individual laboratories were relatively small, with the mean of the largest differences equal to 6-9 % (Table 4) . Nevertheless, analysis of variance showed that these differences were statistically significant (P < 005). Using linear regression analysis, we compared the ratios obtained in one randomly chosen laboratory (L3, lamp flow cytometer) with those obtained in the remaining three laboratories. In all cases the correlation was strong and statistically highly significant (r ranging from 0981 to 0997, n = 8, P < 0'0001). However, the intercept values of the regression line differed, indicating a small systematic difference between data obtained in individual laboratories (Table 6 ). Interestingly, the intercept point values were similar for instruments of the same type. When the value of the intercept point was subtracted from all data (DNA content ratios) obtained in the corresponding laboratory, the inter- In this analysis, the ratios of DNA content obtained in Laboratory 3 were compared with data obtained in the other three laboratories.
laboratory variation became statistically non-significant (ANOVA, P > 0-05).
Differences between laser and lamp flow cytometers
In order to understand the differences between laser and lamp flow cytometers, we compared DNA content ratios obtained in laboratories using the same type of instrument. As expected from the regression analysis, differences were much smaller, the mean of differences being 36 and 2 1 % for laboratories using laser and lamp flow cytometers, respectively (Table 4) . Ratios determined using laser instruments were on average 0023 higher compared to those obtained using lamp-based instruments (Table 7) . This value corresponds to the value of 0032-0033 for the intercept point determined by regression analysis (Table 6 ). Paired t-tests showed that the difference between means of ratios determined by both types of instruments was statistically significant at P < 0-05 (t = 325, n = 8, P = 0-014).
To check whether the difference was specific for PI staining and for analysis of PI fluorescence, we compared (Bennett and Leitch, 1997) which was used as a primary standard. Nuclear DNA content of other species was then calculated using DNA content ratios given in Table 4. t The value of 909 pg DNA (2C) was assigned to P. sativum which was used as a primary standard. This value was determined in a preliminary experiment in Laboratory 2 using human leukocytes (2C = 70 pg DNA, Tiersch et al., 1989) as a reference standard. DNA contents of Z. mays, G. max, R. sativus and A. thaliana were then calculated using DNA content ratios given in Table 4 . DNA contents of other species were calculated using inverted ratios. Mean difference + 0-017 (laser -lamp) * In this special case, G 1 nuclei of standard (P. sativum) had apparently higher relative DNA content than the G 1 nuclei of a sample (H. vulgare). To permit a comparison with the other species pairs, the difference was calculated using reciprocal values of DNA content ratios. Mean difference -0-005 (lamp -Feulgen) DNA content ratios estimated after DAPI staining (Table  7) . Again, ratios determined by laser instruments were higher; the mean difference being 0-017. Finally, we independently compared DNA content ratios obtained by lamp-and laser-based cytometers with those obtained by Feulgen densitometry. As expected, the correlation was highly significant in both cases (Fig. 4) . However, ratios of DNA content determined by lamp flow cytometers were closer to those determined by Feulgen densitometry than those determined by laser cytometers (Table 8) .
DISCUSSION
Since the pioneering work of Galbraith et al. (1983) the choice of a fluorochrome for estimation of nuclear DNA content in absolute units continues to be the subject of discussion. The situation is interesting as the mode of binding is known for those DNA fluorochromes which are now routinely used (DAPI, Hoechst 33258, propidium iodide, ethidium bromide, mithramycin, chromomycin). Because the AT/GC ratio is not constant in plants, the use of dyes showing base preference is not substantiated, at least on a theoretical basis. There are studies demonstrating that data obtained by DNA intercalators (ethidium bromide, propidium iodide) are strongly correlated with those obtained by Feulgen densitometry (Michaelson et al., 1991; Johnston et al., 1997) . In 1992, Dolelel et al. clearly showed that the use of dyes showing base preference may lead to large errors in genome size estimation. Subsequently, Godelle et al. (1993) described a non-linear relationship between changes in fluorescence intensity of dyes showing base preference and base composition. Considering the growing number of laboratories using flow cytometry for estimation of genome size in plants, we believed it necessary to perform a large-scale study to compare DAPI and propidium iodide, the two most frequently used fluorochromes. Our results confirmed and extended previous results on the unsuitability of DAPI for the estimation of genome size. On the other hand, data obtained after PI staining agree well with those obtained by Feulgen densitometry. In contrast to previous studies, our study involved four different laboratories, each of them using a different procedure for sample preparation and different instruments representing the two major types of flow cytometers (laser-and lamp-based). Furthermore, analyses involved a relatively large number of plant species covering a typical range of genome sizes. Thus our results should not be biased due to the type of instrument, procedure, or due to the quantity of DNA in the nucleus.
The use of DAPI is sometimes substantiated by a better resolution of DNA content histograms obtained with lampbased instruments (Buitendijk, Boon and Ramanna, 1997) . However, our study demonstrated that the same resolution may also be obtained with PI. We believe the main reason for this discrepancy is that we replaced the original filter sets supplied with instruments by an optical filter set which is more suitable for the analysis of PI fluorescence (see Table  1 ).
Intra-laboratory variation observed in this study was negligible, thus confirming the high precision of DNA flow cytometry. However, due to extremely small intra-laboratory variation, even small differences between laboratories became statistically significant. Further analysis demonstrated that DNA content ratios determined using one flow cytometer differ by a small constant from ratios obtained with another instrument. Interestingly, differences between instruments of the same type were negligible, while larger differences were observed between lamp-and laserbased instruments. The effect of nuclei isolation buffer may be ruled out as laboratories equipped with the same type of cytometer used different buffers. On the other hand, although Laboratories 2 and 4 (equipped with different types of cytometers) used the same type of buffer, their results showed similar differences to those observed between Laboratories 1 and 3. Furthermore, our results suggest that differences are not dependent on the type of fluorochrome used to stain samples, and that ratios of fluorescence intensity obtained by laser instruments were higher compared to those obtained by lamp-based cytometers or by Feulgen densitometry.
While the nature of this systematic error is not clear, its existence has important consequences. It means that in studies aiming to detect very small differences in genome size (a few % or less), all samples should be analysed in one laboratory and using the same instrument. Naturally, this does not exclude replicate analysis of the whole set of plants in a different laboratory. Furthermore, this newly described source of error should be considered when interpreting differences in genome size reported in the literature. To our knowledge, this is the first comparative study on genome size estimation in plants using flow cytometry.
Compared to flow cytometry, Feulgen densitometry is considered a well established method. However, as shown by Greilhuber (1986 Greilhuber ( , 1988a and Greilhuber and Ebert (1994) , there are many critical points of the procedure (e.g. fixation, slide preparation and storage, acid hydrolysis) which determine its precision. To our knowledge, an interlaboratory comparison of the method has not been performed so far. Thus it was not possible to compare the extent of inter-laboratory variation in Feulgen densitometry with that of flow cytometry as determined in this study.
Analysis of inter-laboratory variation showed that differences between laboratories were smaller when P. sativum was used as a primary standard instead of A. cepa (Table 5) . This fact reflects a dilemma of flow cytometry: due to a risk of error caused by non-linearity and zero offset (Vindelov, Christensen and Nissen, 1983) , it is not possible to estimate the DNA content of species with very low DNA content directly using A. cepa as a primary standard. On the other hand, the use of series of many intermediate measurements may introduce errors due to the multiplication of small errors. The use of a species with intermediate DNA content as a primary reference standard might be a suitable solution as demonstrated here by the use of P. sativum.
Another important problem of standardization concerns the calibration of primary reference species. As expected, the use of two different primary standards led to different estimates of DNA content (Table 5) , being on average, 3.9 % higher when P. sativum was used as a standard. The value of 9.09 pg (2C) for P. sativum used in the present study was determined assuming a 2C DNA value of 70 pg for human (Tiersch et al., 1989) . However, lower 2C values for human seem likely. For instance, biochemical estimates ranged from 60 to 70 pg (Vendrely and Vendrely, 1949; M6tais, Cuny and Mandel, 1951) . Furthermore, the ratio of DNA content between chicken and human determined by different authors ranged from 035 to 037 (Atkin et al., 1965; Zante et al., 1977; Taylor, 1980; Allison et al., 1981; Greilhuber, Volleth and Loidl, 1983; Tiersch et al., 1989) . Considering a 2C value of 2-33 pg determined biochemically for chicken by Galbraith et al. (1983) , 2C values calculated for human range from 6-30 to 666 pg, and consequently the 2C DNA content of P. sativum should range from 8-18 to 8-65 pg. This compares well with 2C = 884 pg determined by Greilhuber and Ebert (1994) .
It is interesting to note that similar estimates (8-71 and 8-74 pg) may be obtained using means of ratios of DNA content between A. cepa and P. sativum determined in this study by Feulgen densitometry (Table 3 ) and flow cytometry (Table 4) and considering a consensual 2C value of 335 pg for A. cepa (Bennett and Smith, 1976) . Furthermore, Greilhuber et al. (1983) , who measured DNA content in human and some animals found a good correspondence with published data assuming 2C = 33'5 pg for A. cepa which was used as a standard. Thus it seems highly probable that the 2C DNA content of human is slightly lower than 70 pg, that 33-5 pg for A. cepa is a fairly accurate estimate, and that a 2C DNA amount of 8-75 pg as determined in P. sativum using flow cytometry (Table 5 ) is a reasonable value.
To conclude, this exercise clearly demonstrated that propidium iodide can be used for reliable estimation of genome size in plants using flow cytometry, while DAPI is not suitable for genome size estimation. However, there is an urgent need for an agreement on a set of reference standards and their calibration (cf. Johnston et al., 1997) . This will allow estimation of genome size with interlaboratory variation as low as few per cent. However, many studies require detection of even smaller differences. Given the small but systematic differences between different types of flow cytometers described here for the first time, detection of very small differences in genome size will have to be performed in the same laboratory and using the same instrument.
